Introduction
Vertebrates possess functionally specialized skeletal muscles in different body parts such as the head, neck, and paired appendages (limbs or fins). These muscles exhibit a great morphological diversity in different species. Developmentally, however, all the skeletal muscles in vertebrates arise from simple embryonic structures such as the myotomes and unsegmented head mesoderm. It has been a controversial issue what kind of evolutionary transition occurred in the acquisition of complex muscles, and what kind of genetic and developmental interactions could have served as the driving force for the morphological elaboration of each of different muscles.
In the trunk of amniote embryos, an early somite consists of a single layer of epithelium that differentiates into the lateral dermomyotome and medial sclerotome (Fig. 1A) . Pax3 and Pax7, the paired-type homeodomain-containing transcription factors, play key roles in the development of the dermomyotome. Pax3 is expressed early in the somitogenesis and later becomes restricted to the dermomyotome, with concentrated expression at the dorsal and ventral edges. These edges, called the dorsal and ventral dermomyotomal lips, provide newly forming myofibers which form medial myotomes (Bajard et al., 2006; Kablar et al., 1997; Relaix et al., 2005) . Within the dermomyotomes, Pax3 activates myogenic regulatory factors (MRFs) MyoD and Myf5; the MRFs are a basic helix-loop-helix class of transcription factors promoting muscle differentiation (Tajbakhsh et al., 1997) . The dorsal dermomyotomal lips provide myofibers to the adult epaxial (dorsal) musculature (Fig. 1B) , in which myf5 plays a fundamental role (Kassar-Duchossoy et al., 2004) . The ventral dermomyotomal lip gives rise to the hypaxial (ventral) musculature (Fig. 1B) , a developmental process that is dependent on Pax3 and MyoD (Kablar et al., 1997; Tajbakhsh et al., 1997) .
Among the skeletal muscles, a subset of hypaxial muscles that includes the appendicular muscles, the cucullaris (trapezius) muscles, the tongue-and infrahyoid muscles, and the mammalian diaphragm are developmentally patterned by a peculiar mode of development. Namely, this group of muscles is formed from so-called migratory muscle precursors (MMPs) that delaminate from the ventral portion of the dermomyotome and migrate a long distance into the nonsomitic environments, such as the lateral plate (body wall) mesoderm or the neural crest-derived ectomesenchyme (pharyngeal arch derivatives) (Fig.1A) (Alvares et al., 2003; Dietrich et al., 1998; Matsuoka et al., 2005; Nowicki et al., 2003) . This migratory behavior of myoblasts is in clear contrast to the developmental mode of nonmigratory myoblasts, such as those for the intrinsic back muscle (epaxial) and intercostal muscle (hypaxial, non-migratory) . The latter muscles complete differentiation at the original position of the somitic mesoderm and attach to the somite-derived skeletal and connective tissues .
De-epithelialization and long-range migration of the above-noted MMPs are controlled by developmental genes such as Pax3, Lbx1, c-met and hepatocyte growth factor (HGF) (Alvares et al., 2003; Dietrich et al., 1999; Prunotto et al., 2004) . Lbx1, which encodes a lady bird class of homeobox transcription factors is required for delamination and activated specifically at the occipital, cervical, and limb levels along the anteroposterior axis (Gross et al., 2000; Jagla et al., 1995; Mennerich et al., 1998; Uchiyama et al., 2000) . The ventrally restricted expression of Pax3 is required for the expression of Lbx1 at the ventral edges of the dermomyotomes. Pax3 also upregulates tyrosine kinase receptor c-Met, which is bound by the HGF ligand, an interaction required for the migration of the myoblasts (Bladt et al., 1995) . In Splotch mice, a mutant strain with a defective Pax3 locus, dermomyotomes form normally, as a result of functional compensation by the closely related Pax7 gene, which is also expressed in dermomyotomes (Goulding et al., 1994) . However, the regulatory function of Pax3 on MMPs cannot be taken over by Pax7, as indicated by the defects in appendicular muscle formation and inefficient activation of c-met in the transgenic mice in which Pax3 is replaced by Pax7 (Relaix et al., 2004) . The migratory mode of myogenesis has been studied in amniotes and can also be recognized in amphibians and teleosts (Haines et al., 2004; Hollway and Currie, 2003; Neyt et al., 2000) . These facts could possibly reflect the relatively recent origin of the migratory mode of myogenesis, which would have occurred after duplication of the Pax3 and Pax7 genes.
In contrast to the expanded number and variety of hypaxial muscles, epaxial muscles represent only a minor portion of skeletal muscles (Fig. 1B) ; in mammals, the intrinsic muscles of the back are almost the sole member of this category. There have been a few insights into the specification mechanism for the epaxial muscles. One candidate gene family for involvement in the epaxial specification is those encoding the zinc-finger family of transcription factors, zic (Nagai et al., 1997) . It has been shown that expression of Zic1 and Zic4 in the dorsal half of somites is required for proper specification of the epaxial identity of the somites in the teleost medaka (Ohtsuka et al., 2004a; Ohtsuka et al., 2004b) . In a spontaneous mutant of the medaka, Da (double anal fin), in which the somitic expression of zic genes is lost, the morphology of the ventral portion of the myotomes is duplicated in the dorsal portion with a mirror-image, suggesting that zic genes are required for specification of the dorsal identity.
Extant jawless fishes, such as cyclostome lampreys, lack the distinction of ep-/hypaxial trunk muscles but instead have continuous layers of myomeres surrounding the body axis (Figs. 1C and D) Peters and Mackay, 1961) . Lampreys also do not possess paired fins and any structure comparable to the neck/shoulder region, which in amniotes are associated with appendicular, trapezius and infrahyoid muscles. These facts imply that the lampreys would represent the ancestral state of vertebrate skeletal myogenesis, established before the emergence of paired fins during vertebrate evolution. To gain insights into the myogenetic pathways in the lampreys, we have investigated the expression patterns of myogenesis-related genes in the Japanese lamprey, Lethenteron japonicum (Kusakabe and Kuratani, 2005; Kusakabe and Kuratani, 2007; Kusakabe et al., 2004) . In these series of studies, we found that the lamprey somites consist of multiple myotomic domains associated with differential expression of contractile protein genes (Kusakabe et al., 2004) . The hypobranchial muscle, one of the pharyngeal components in the lamprey larvae, was likely to represent an ancestral form of the gnathostome hypoglossal cord or the tongue muscles, the hypaxial muscles with migratory mode of development (Kusakabe and Kuratani, 2005) .
In the present study, we attempted to reveal the prototypic genetic interaction for specification of the ep-/hypaxial musculature of vertebrates. For this purpose, we first compared the sequences and expression of newly identified muscle-related genes in L. japonicum. Specifically, the expression of LjMRF-A has illustrated the precise order of the differentiation of muscle cells with multiple embryonic origins. In the ventral somites, LjPax3/7-A and LjLbx-A are coexpressed, suggesting the developmental homology of the ventral myotomes of the lamprey to the part of the amniote dermomyotome that deposits MMPs. We also focused on the expression of a combination of transcription factors expressed in the lamprey head, where postotically derived somitic muscles secondarily populate. The expression of LjZicA implied that the dorsal myotomal region may be molecularly distinguished from the ventral region at early embryonic stages, as is the case with gnathostomes. Finally, we speculated that the myogenetic pathway in which the Pax3/7 gene plays a key role would have already been established in the dermomyotome of the common ancestor of vertebrates.
Materials and methods

Embryos
The sources of L. japonicum embryos were described previously (Takio et al., 2007) . Embryonic staging was based on the report by (Tahara, 1988) . Total RNA of L. japonicum was extracted from whole embryos at stages 21 to 28. cDNA isolation and sequencing
The basic procedures from cDNA synthesis to sequencing were described previously . LjMRF-A cDNA was identified with two gene-specific primers, 5′-GTGAACGAAGCGTTC-GAGAC-3′ and 5′-GCCCAAGGTGGAGATTCTG-3′ that were designed based on its putative Petromyzon marinus ortholog found in supercontig 63475 in the Pre!Ensembl database (URL: http://pre.ensembl. org/index.html). LjPax3/7-A cDNA was amplified using the forward gene-specific primers 5′-GGCACCAGGACAGAACTA-3′ and 5′-ACCAG-GACAGAACTACCC-3′. The LjLbx-A cDNA sequence was identified using the forward gene-specific primers 5′-TGAAGGTCGAGATGGACTC-3′ and 5′-CTATTTTCGGGCCTCGAAC-3′. LjZicA cDNA sequence was identified using the forward gene-specific primers 5′-CCAAGTA-CAAGCTGGTGAAC-3′ and 5′-AACCACATCAGGGTGCACA-3′. These primers were designed based on genomic traces, derived from their putative P. marinus orthologs, publicly available at Washington University, Genome Center (URL: http://genome.wustl.edu/pub/organism/ Other_Vertebrates/Petromyzon_marinus/). These primers were used for primary and nested PCR amplifications with a 3′RACE System (Invitrogen, Carlsbad, CA). The 5′-ends of these sequences were obtained with a 5′RACE System (Invitrogen). The sequences identified in this study are deposited in GenBank (URL: http://www.ncbi.nlm.nih.gov/Genbank) under accession numbers HM116239-HM116242.
Molecular phylogenetic analysis
The amino acid sequences were retrieved from the GenBank, Refseq and Ensembl databases. We also surveyed the partial genome sequences of the sea lamprey P. marinus and the elephant shark Callorhinchus milii available at the Pre!Ensembl (URL: http://pre. ensembl.org/Petromyzon_marinus/) and NCBI Genome Survey Sequence (GSS) (Venkatesh et al., 2007) , respectively. Alignment and preliminary neighbor-joining (NJ) trees were constructed as described previously . Final phylogenetic trees were inferred with the maximum-likelihood (ML) method using PhyML (Guindon and Gascuel, 2003) , assuming the JTT + I + Γ 4 model.
In situ hybridization
In situ hybridization was performed as described previously (Takio et al., 2007) , except that stained specimens were clarified in 50% glycerol/PBT (phosphate-buffered saline containing 0.1% Tween 20). An LjMRF-A riboprobe was synthesized for the 480 bp within the identified open reading frame sequence. An LjPax3/7-A riboprobe was synthesized for the 750 bp within the open reading frame sequence. An LjLbx-A riboprobe was synthesized for the 210 bp within the identified open reading frame sequence. An LjZicA riboprobe was synthesized for the 0.4 kb within the identified open reading frame.
Results
Characterization of muscle-related transcription factor genes in L. japonicum
To compare the gene expressions of lamprey skeletal muscle cells at different developmental stages, we amplified and sequenced the cDNAs of lamprey homologs of four transcription factor-encoding genes with known muscle-related functions in gnathostomes, namely MRFs, Pax3/7, Lbx1, and Zic. We identified one lamprey homolog for each, and they were designated LjMRF-A, LjPax3/7-A, LjLbx-A and LjZicA, respectively (Supplementary Fig. 1 ).
LjMRF-A encodes a myogenic regulatory factor (MRF), which belongs to the MyoD class of basic helix-loop-helix transcription factors, the key regulators of muscle differentiation in gnathostomes (Pownall et al., 2002; Weintraub, 1993) . LjMRF-A is the first MRF gene identified in the cyclostomes. On the phylogenetic tree, LjMRF-A is grouped with gnathostome MyoD among the four members of gnathostome MRFs ( Supplementary Fig. 1A ). In amniote embryos, MyoD and Myf5 are known to function upstream of MRF4 and myogenin, as the determinants for muscle differentiation (KassarDuchossoy et al., 2004) . The close relationship between LjMRF-A and gnathostome MyoD suggests that this gene subfamily played a determinative role in the common ancestor of vertebrates.
LjPax3/7-A is the L. japonicum homologue of the Pax3/Pax7 family of transcription factors. The nucleotide sequence of LjPax3/7-A is closely related to the Pax7 gene (AF411465) reported from the sea lamprey P. marinus, a species closely related to L. japonicum (McCauley and Bronner-Fraser, 2002) . A pairwise comparison of these two sequences revealed a number of synonymous substitutions *(K s or dS) of 0.095, suggesting an orthology (and not a paralogy such as caused by the two-round whole genome duplications [WGDs] in early vertebrate evolution) between these two genes (see (Kuraku and Kuratani, 2006) for the standard distance between this pair of species). LjPax3/7-A also shares many amino acid residues with the hagfish Eptatretus burgeri Pax3/7 gene (AB270703) (Ota et al., 2007) . Our extensive RT-PCR and elaborate survey of the available genomic and transcriptomic resources for P. marinus have so far identified no other lamprey homologues for the Pax3/7 genes. Our phylogenetic analysis suggested the trichotomy between this lamprey Pax3/7, gnathostome Pax3, and gnathostome Pax7 genes ( Supplementary  Fig. 1B ). With this tree, we cannot determine if the LjPax3/7-A gene is orthologous to Pax3 or Pax7.
As the Lbx1 homologue, we obtained a partial cDNA sequence named LjLbx-A. This sequence contains the complete homeodomain and 3′UTR, but lacks the N-terminus of the open reading frame. In the phylogenetic analysis, the amino acid sequence of LjLbx-A was compared with the gnathostome Lbx1 and Lbx2 genes, both of which have been suggested to function in muscle and neural tissues (Ochi and Westerfield, 2009; Wotton et al., 2008) . The ML tree supported the closest relationship of LjLbx-A to the gnathostome Lbx1 genes, the key molecular players in the migratory mode of muscle development ( Supplementary Fig. 1C ). The grouping of LjLbx-A to gnathostome Lbx1 genes was associated with relatively low bootstrap values. We also surveyed the genomic sequence of P. marinus for Lbx genes and found the single orthologous gene of LjLbx-A (data not shown). No other lamprey Lbx gene than the ortholog of LjLbx-A was found. The cephalochordate Branchiostoma and the echinoderm Strongylocentrotus possess a single Lbx located outside of all the vertebrate Lbx (Supplementary Fig. 1C ; (Wotton et al., 2008) ). Although the orthology of LjLbx-A to gnathostome Lbx1 genes was not firmly supported, it is highly possible that LjLbx-A gene would represent the single ancestral Lbx gene associated with the function in myogenesis (see below).
LjZicA was cloned as a partial cDNA fragment of only 400 bp, in spite of our exhaustive search for other parts of the transcript. Sequence alignment showed that this cDNA is the ortholog of the P. marinus Zic gene, PmZicA (EU086587) (Sauka-Spengler et al., 2007) . A pairwise comparison of these two sequences exhibited a number of synonymous substitutions (K s or dS) of 0.075, again suggesting the orthology between our L. japonicum LjZicA and the P. marinus PmZicA genes. We reexamined the phylogenetic position with PmZicA, which covered a larger portion of the alignment, and confirmed that the lamprey ZicA gene is most closely related to gnathostome Zic3 within the Zic1/2/3 subgroup ( Supplementary Fig. 1D ).
Overall, our phylogenetic analysis confirms that we isolated cDNAs for lamprey homologs of the MRF, Pax3/7, Lbx and Zic genes. Based on the synteny information for the Lbx genes, the gene duplication between Lbx1 and Lbx2 is most likely to have been a part of the WGDs (Wotton et al., 2008) . It is also highly likely that the splits between Pax3 and Pax7, between MyoD/Myf5 and MRF4/Myogenin, and between Zic1, -2 and -3 were caused by the WGDs (see (Araki et al., 1996) as for the MRF gene family). Even though they do not provide unambiguous support, the results of our phylogenetic analysis ( Supplementary Fig. 1 ) are mostly consistent with the evolutionary hypothesis proposed by (Kuraku et al., 2009 ) that cyclostomes diverged after the two-round WGDs.
Overlapping expression of LjMRF-A, LjLbx-A and LjPax3/7-A genes in the embryonic trunk skeletal muscles Expression of newly identified genes described above was examined by in situ hybridization on the whole mount and transverse sections of stained embryos. Among the examined genes, only LjMRF-A was expressed exclusively in skeletal muscle cells (Fig. 2) . LjPax3/7-A and LjLbx-A exhibited localized and overlapping expression in somite-derived skeletal muscles as well as in the central nervous system; LjPax3/7-A was expressed in the brain and neural tube throughout the anteroposterior axis, and LjLbx-A was expressed in the hindbrain and the anterior neural tube (Fig. 3, white arrowheads) . The patterns of the neural expression of these genes are essentially the same with those observed in mammals (Goulding et al., 1991; Jagla et al., 1995; Jostes et al., 1990; Schubert et al., 2001) .
LjMRF-A expression started in the somites at stage 22 (early pharyngula; Fig. 2A ), constantly marking the somites, the number of which progressively increased caudally (Figs. 2B and C) . LjMRF-A expression was not observed in the heart at these stages (Figs. 2B and C), although the heart already contained myocardium expressing the striated muscle actin gene LjMA2 (see Figs. 4A and B) (Kusakabe et al., 2004) . Transverse sections at stage 26 revealed differences in the LjMRF-A mRNA distribution in somites at different developmental phases. In the posterior young somites close to the tailbud, LjMRF-A was expressed throughout the mediolateral axis (Fig. 2F) . In the slightly anterior trunk somites, LjMRF-A expression was localized in the lateral portion (Fig. 2E) . Further anteriorly, in the somites located dorsal to the pharyngeal arches, LjMRF-A expression was restricted to the dorsal and ventral edges of the myotomes (Fig. 2D) . Thus, in the course of somitogenesis, LjMRF-A is sequentially restricted to the lateral layer of somites. In late embryogenesis (stages 27 to 30), LjMRF-A expression persisted in the somites, which extended ventrally to cover the entire trunk (Fig. 2G) .
Similar to the LjMRF-A expression, the somitic expression of LjPax3/7-A was initially detected at stage 22 (Fig. 3A) . At stage 24, the two anteriormost somites became associated with an intensive expression of LjPax3/7-A (Fig. 3B) . The more posterior somites exhibited a dorsoventral gradient of intensity, with higher level expression towards the ventral side, consistent with the previous report for P. marinus (Fig. 3C ) (Kusakabe and Kuratani, 2005; McCauley and Bronner-Fraser, 2002) . In the late pharyngula stage, expression of LjPax3/7-A was restricted to "lateral cells", a thin epithelial cell layer covering the lamprey myotomes presumably homologous with the dermomyotome in amniotes (Figs. 1C, 3D and E) (Kusakabe and Kuratani, 2005; Nakao, 1977) .
Expression of LjLbx-A was not detected early in somitogenesis, but started at stage 25. Similarly to the LjPax3/7-A expression, LjLbx-A was expressed intensively in the two anteriormost somites (Fig. 3F) . In the trunk, LjLbx-A expression was restricted to a narrow band at the ventral edge of the somites (Fig. 3F) . LjLbx-A was expressed throughout the (R and S) Expression of LjEnA. In C, K and O, asterisks indicate the presence of dedifferentiated myoblasts delaminating from the somites. Arrows indicate the leading edge of the migrating hypobranchial muscle precursors. hbm, hypobranchial muscle; ht, heart; iopm, infraoptic muscle; llm, lower lip muscle; mhb, mid-hindbrain boundary; mo, mouth; pm, pharyngeal muscles; sopm, supraoptic muscle; ulm, upper lip muscle; vm, velar muscle; 1-7, somites 1-7. Scale bars: 0.1 mm in A-C; 0.5 mm in D.
trunk levels posterior to the pharyngeal arches and maintained as the ventral margin of the somites extended toward the ventral midline (Figs. 3G and H) , in contrast to the amniote Lbx1, which is expressed in ventral somites only at the restricted axial levels (occipital, cervical and limb).
Collectively, early trunk somites of the lamprey embryos appear to be primarily specified as myogenic, as indicated by LjMRF-A across the mediolateral axis. Later in somitogenesis, LjMRF-A and LjPax3/7-A become restricted to the lateral cells which laterally cover the myotomes. Within the lateral cell layer, LjLbx-A was localized at the ventral margin as the somites extended ventrally. Expression of these genes implies similarity of the lamprey lateral cells to the amniote dermomyotome (see Discussion) (Kusakabe and Kuratani, 2005) .
Combined gene expression in the head muscles with different embryonic origins
In the preotic head of the lamprey embryo, skeletal muscles originate from two distinct embryonic cell populations; postotic somites and the preotic, unsegmented head mesoderm Kusakabe et al., 2004) . As visualized by expression of the muscle actin gene LjMA2, the first and second somites (som1 and som2) extend anteriorly into the preotic region and consequently give rise to the supra-and infraoptic muscles which laterally cover the larval head (Figs. 4A-D) Kusakabe et al., 2004) ; reviewed by (Kuratani et al., 1999; Kuratani et al., 1997) . In the head region anterior to the heart, the upper/lower lip muscles, velar muscles and the posterior pharyngeal muscles form in posterior progression (Figs. 4A-C) . These pharyngeal muscles are all derived from the nonsomitic head mesoderm, and express a set of contractile protein genes different from those in somites (Kusakabe et al., 2004) . At the early larval stage, the pharyngeal muscles are connected with each other by the bilateral hypobranchial muscles, the precursor myoblasts of which are derived from the epibranchial myotomes and undergo extensive anterior migration (see later; Fig. 4D ) (Kusakabe and Kuratani, 2005) ; see the review by Kuratani et al. (1999) and the references therein.
The signal of LjMRF-A correlated well with the order of differentiation of each of the above musculatures. At stage 25, LjMRF-A started to be expressed in the upper and lower lip muscles as well as the muscles in the posterior pharyngeal arches (Figs. 4E, F and G) , all of which are non-somitic, slightly preceding the expression of the muscle actin gene LjMA2 (compare Figs. 4A and E) . Somitic LjMRF-A expression was also maintained in som1 and som2, which were already shifting rostrally (Fig. 4H) . At stage 29, a strong level LjMRF-A expression was observed in the hypobranchial muscle, which had completed rostral migration (Fig. 4I ). This expression was not detected in the precursor myoblasts during migration (Fig. 4H) .
Unlike LjMRF-A, LjPax3/7-A and LjLbx-A were exclusive to a subpopulation of somitic muscles in the head, and were not expressed in the head mesoderm (Figs. 4J-Q) . At stage 25, these two genes were specifically expressed in som1 and som2 prior to the anterior extension (Figs. 4H and K) . LjPax3/7-A was also expressed in posterior somites with a dorsoventral gradient, with the highest level transcription being detected in the ventral margin (Fig. 4J) . LjLbx-A expression except that in som1 and som2 was restricted to the ventral margin of the somites, and was absent from som3 through som6 (Fig. 4N) . The expression of LjLbx-A overlapped with that of LjEnA in the infraoptic muscle, which continuously marked the ventral portions of a few rostral somites at the pharyngula stage (Figs. 4R and S) (Matsuura et al., 2008) .
Remarkably, LjPax3/7-A and LjLbx-A clearly marked the migrating hypobranchial muscle precursors (Figs. 4K-M, O-Q) . At stage 28, expression of LjPax3/7-A and LjLbx-A was observed in the streams of cells which delaminated from the ventral margin of the somites adjacent to the heart, and then migrated first ventrally and then anteriorly (Figs. 4K and O) . These myoblasts exhibited a dispersed appearance as they left the somites, and lost expression of LjMA2, indicating of dedifferentiated state (asterisk in Fig. 4C ). The anterior end of the LjPax3/7-A-and LjLbx-A-positive cells indicates the leading edge of the migrating hypobranchial muscle precursors (arrows in Fig. 4K and O) . In the early larval stage, when hypobranchial muscle completed its migration, it co-expressed LjPax3/7-A, LjLbx-A and LjMRF-A (Figs. 4I, L and P).
Expression of zic marks the dorsal region in the lamprey somites
Unlike the expression of LjPax3/7-A and LjLbx-A described earlier, LjZicA was expressed dorsally both in somites and in the neural tube (Figs. 5A-E) . LjZicA was expressed in the dorsal side of the anterior somites starting at stage 23, and was continuously localized in the dorsal somitic cells adjacent to the neural tube (Figs. 5A-D) . Similarly to the transcripts of amniote Zic genes, LjZicA mRNA are detected only in the somitic cells, and neither in the surrounding neural crest cells or in the epidermis (Fig. 6E) (Sun Rhodes and Merzdorf, 2006) . Somitic LjZicA expression disappeared at stage 28, although neural expression persisted to the later stages (data not shown).
Discussion
In this study we compared the expression patterns of novel lamprey genes involved in the patterning of skeletal muscles, focusing on the dorsoventral polarity of the somites as well as the migratory mode of myogenesis. We obtained evidence in support of the following three major evolutionary phenomena: 1) the early origin of the dermomyotome and its dorsoventral edges to provide newly forming muscle cells shared between lampreys and gnathostomes; 2) the similarly shared origin of the migratory mode of myogenesis, which in gnathostomes gives rise to the appendicular muscles; and 3) the putative homology of lamprey circumpharyngeal muscles to the gnathostome neck/shoulder muscles.
Genes differentially expressed in the lamprey trunk somites and the origin of somitic territories
Recent studies in several teleosts (Barresi et al., 2001; Steinbacher et al., 2007) and anuran amphibian Xenopus (Martin and Harland, 2001 ) revealed a Pax3-positive thin epithelium covering the lateral aspect of myotomes (reviewed in Scaal and Wiegreffe, 2006) . This lateral epithelium expresses MRFs specifically at the dorsal and ventral edges (Steinbacher et al., 2007) , which function as growth zones to provide newly forming myofibers into medial myotomes, similar to the dorsal and ventral dermomyotomal lips of amniotes (Barresi et al., 2001; Scaal and Wiegreffe, 2006) . The previous observation implies the early origin of the epithelial dermomyotome in vertebrate evolution, despite the fact that a large portion of the anamniote somites apparently develop as muscles, starting before somite segmentation, as exemplified by the very early expression of MRFs and downstream contractile protein genes (Devoto et al., 1996; Stickney et al., 2000) . Indirect evidence has suggested, in cyclostomes, that the traditionally defined regionalization of somites into dermomyotome, myotome and sclerotome, may have already been established in the common ancestor of cyclostomes and gnathostomes (Freitas et al., 2006; Kuratani and Ota, 2008; Kusakabe and Kuratani, 2005; Ohtani et al., 2008; Ota et al., 2007) .
In the present study, transcripts of LjMRF-A were localized in the lateral somites at early stages, followed by expression at the dorsal and ventral edges of somites (Fig. 2D) , overlapping with the expression of LjPax3/7-A. This spatiotemporal expression of LjMRF-A is reminiscent of the expression of MRFs in Xenopus and teleosts (Grimaldi et al., 2004; Scaal and Wiegreffe, 2006; Steinbacher et al., 2007) . Localized expression of LjMRF-A highly resembles and slightly precedes that of the muscle actin LjMA2 and myosin heavy chain LjMyHC1 and LjMyHC2 genes (Figs. 4A-I) (Kusakabe et al., 2004) , implying the involvement of LjMRF-A in upregulation of these contractile protein genes. Thus the dorsal and ventral edges of lamprey somites would also function as the growth zones, in which LjMRF-A would play a role as the regulator that turns on the downstream muscle contractile protein genes. In addition, Pax3/7-and MRF-positive regions of lamprey somites might also be related to the functional origin of the amniote dermomyotome as a source of the large proportion of the fetal and adult musculature, another question in evolution of myogenesis which awaits future approaches (Patterson et al., 2008; Relaix et al., 2005; Steinbacher et al., 2007) .
The expression of LjLbx-A was restricted at the ventral somitic edges, similarly to the expression of amniote Lbx1 (Figs. 6B and C) (Brohmann et al., 2000; Jagla et al., 1995) . Both at the ventral edge of the trunk somites and in the migrating hypobranchial muscle precursors, expression domain of LjLbx-A was included in that of LjPax3/7-A. During somitic myogenesis in the lamprey, therefore, LjLbx-A may possibly be upregulated by LjPax3/7-A, as seen in the genetic control in limb myoblasts in chicks and mice (Dietrich et al., 1998; Uchiyama et al., 2000) . However, unlike in amniotes, where the somitic Lbx1 expression is restricted to the occipital, cervical, and limb levels, LjLbx-A was expressed throughout the anteroposterior axis of the trunk in the lamprey (Fig. 3F and G) . LjLbx-A expression was more extensive in the posterior direction than the Xenopus Lbx1 expression associated with the lectus abdominus muscle precursor in addition to the hypoglossal cord (Martin and Harland, 2006) . In terms of the molecular developmental signature, both the Xenopus muscles appear to belong to the hypobranchial muscle series.
Xenopus Lbx1 has been shown to control myoblast proliferation by repressing MyoD, which indirectly leads to the controlled migration of myoblasts (Martin and Harland, 2006) . Consistently, Lbx1 mutation in mice causes a severe reduction, but not a complete loss of muscles in limbs (Brohmann et al., 2000; Gross et al., 2000) . Thus, the primary role of Lbx transcription factors in myogenesis may be to control the balance of myoblast proliferation and differentiation, rather than the specification of migratory muscle precursors in an all-or-none fashion. That LjLbx-A is expressed in ventrally extending muscle cells suggests that this function of Lbx1 would have been acquired as early as the emergence of the common ancestor of vertebrates.
We also sought to determine the molecular players in the dorsal specification of the lamprey somites, and found that LjZicA was specifically expressed in the dorsal edge of the somites, in contact with the epidermis, neural tube, and neural crest cells (Figs. 6A and B) . This localized expression pattern of LjZicA is strikingly similar to those for the zic1 and zic4 genes in gnathostomes (Ohtsuka et al., 2004b) . The conserved somitic expression of zic genes implies that the dorsal part of the lamprey somites may also be specified as a distinct developmental territory comparable to the gnathostome epaxial somites. The molecular mechanism for the dorsal specification of vertebrate somites by Zic genes awaits future experimental investigation. Taken together, our results are consistent with the hypothesis that dorsal and ventral portions of lamprey trunk somites are molecularly specified by a patterning mechanism comparable to that of gnathostomes, even though lampreys do not have a morphologically compartmentalized epaxial/hypaxial distinction (Figs. 6A-C) . Therefore, the regulatory interaction for the dorsoventral specification of the trunk musculature would have already been acquired by the latest common ancestor of vertebrates, even before the divergence of the cyclostome and gnathostome lineages, and later in evolution it might have served as a key innovation in the further elaboration of the morphology of gnathostome musculature.
Muscle precursors from lamprey anterior somites and the migratory mode of muscle development
In the present study, the expression of LjMRF-A marked all the skeletal muscle cells in the anterior part of the embryonic lamprey, which are derived from two different developmental origins. One is the unsegmented head mesoderm, which differentiates much later than the trunk somites. The head mesoderm of the amniotes, which gives rise to craniofacial muscles, is controlled by a mode of gene regulation different from that in the somitic muscles (Noden and Francis-West, 2006) . Similarly, the lamprey head mesoderm expresses the actin gene LjMA2 but not the myosin heavy chain genes LjMyHC1 and LjMyHC2, all of which are expressed at high levels in the somites (Kusakabe et al., 2004) . It remains to be elucidated which other factors are involved in the upregulation of different sets of downstream contractile protein genes in the trunk and head mesoderm of the lamprey.
The postotic somite, another developmental origin for the anterior musculature of the lamprey, deposits myoblasts which migrate secondarily rostrally into the head region (Figs. 6C and 7) . This somitic population gives rise to the three major head muscles, all of which are superficially located in the head of the larval and adult lamprey (Fig. 7) . The supra-and infraoptic muscles are produced by direct extension of the anteriormost two somites, as observed by stage 26 (Fig. 6B) . Ventral to the pharyngeal arches lies the so-called hypobranchial muscle of the lamprey, with a configuration similar to the gnathostome hypoglossal cord, or the precursor of the hypobranchial musculature including the tongue muscles (Figs. 6C and 7) (Kusakabe and Kuratani, 2005) . At stage 28, the ventral population of somitic cells undergoes delamination and migrates to give rise to the hypobranchial muscle. At the early pharyngula stages, LjMRF-A was not expressed in this muscle precursor in its rostral migration (Fig. 4H) . When the precursor cells reached the anterior pharyngeal wall and terminated migration, they began to express LjMRF-A as well as contractile protein genes such as LjMA2, LjMyHC1 and LjMyHC2 (Figs. 4D and I) (Kusakabe et al., 2004) .
The present study revealed that these somitic cells exhibit overlapping and differential expression of LjMRF-A, LjPax3/7-A, LjLbx-A, and LjEn-A (Fig. 4 ; also see (Matsuura et al., 2008; Takio et al., 2007) . From stage 24 onwards, the two anteriormost somites were marked first by LjPax3/7-A and then by both LjPax3/7-A and LjLbx-A (Figs. 6A and B) . As the two somites extended anteriorly, LjLbx-A expression became weaker (Fig. 4P) . This is consistent with the speculative role of LjLbx-A in the negative regulation of the muscle differentiation.
In contrast, LjLbx-A expression became stronger in hypobranchial muscle precursors that have initiated delamination and migration. LjPax3/7-A was also expressed specifically in the migrating hypobranchial muscle precursors (Figs. 4K, L, O and P) (Kusakabe and Kuratani, 2005) . Co-expression of these genes is consistent with the developmental homology of the lamprey hypobranchial muscle to the Comparison of muscle components in the circumpharyngeal regions of nonmammalian gnathostomes and the larval lamprey. In both animal lineages, the circumpharyngeal muscles consist of two populations derived from the ventral portion of the anterior somites. One is the cucullaris in gnathostomes and the infraoptic muscle in the lamprey (shown in orange), which are Pax3-positive. Another is the hypobranchial muscles (shown in green), which undergo extensive migration ventrally to the pharyngeal arches after delamination from the somites; ot, otic vesicle. amniote tongue muscle (Kusakabe and Kuratani, 2005) . Therefore, the regulatory roles of the Pax3/7 and Lbx gene families in somites appear to have been conserved in the hypobranchial muscle development since the common vertebrate ancestors, and in the lineage of gnathostomes, the function would have become coopted in the similarly migratory precursors for trapezius and appendicular muscles.
Lamprey circumpharyngeal muscles represent ancestral neck/shoulder muscles
The lack of paired appendages and the neck in the lamprey is curious in evolutionary developmental consideration of vertebrates (Kuratani, 2008) . The expression of the MMP-related genes described above provides insights into the evolution of muscles in these domains. They include: 1) the tongue-and infrahyoid muscles; 2) the cucullaris (trapezius + sternocleidomastoid) muscles; and 3) the diaphragm (Fig. 7) . The cucullaris is found as a triangular skeletal muscle posterior to the otic vesicle in chodrichthyans, urodele amphibians, and reptilians. In addition to the close location of the corresponding motor neurons along the anteroposterior axis, the neck muscles of these three groups have a common characteristic with respect to their embryonic origin: they are all derived from the anterior somites and undergo migratory mode of development. However, unlike other somite-derived muscles, these muscles, collectively called the circumpharyngeal muscles (Kuratani, 2008) are associated with the connective tissues originating from embryonic cephalic neural crest cells (Matsuoka et al., 2005) .
Our analysis on the expression of muscle-related genes in the lamprey hypobranchial muscle revealed the primitive form of the above-noted muscle group, which is anatomically and developmentally homologous to the ventral components of the gnathostome circumpharyngeal muscles (Fig. 7) (Kusakabe and Kuratani, 2005; Kusakabe and Kuratani, 2007) ; reviewed by (Kuratani et al., 1999) and references therein). In addition, topographical association of the lamprey infraoptic muscle and the hypobranchial muscle that surround the pharyngeal region implies that the infraoptic muscle, the dorsal moiety of the hypothetical circumpharyngeal muscle group on the lamprey, is similar to the gnathostome cucullaris muscle (Fig. 7) . In this study, the somitic expression patterns of LjPax3/7-A, LjLbx-A and LjEnA indicated that the ventral halves of som1 and som2, which give rise to the infraoptic muscle, are developmentally controlled by a distinct regulatory mechanism in which these genes are involved. Since the accessory nerve (the 11th cranial nerve), which in gnathostomes innervates the cucullaris muscle, is missing in the lamprey, there is no evidence of anatomical or functional homology of the infraoptic muscle. Future analysis of the developmental mode of the infraoptic muscle, such as identification of the embryonic origin of the associated connective tissue (mesoderm or cephalic neural crest), will provide a key to the developmental evolution of the vertebrate cucullaris muscles.
There is no sign of these elaborate muscles in the extant invertebrate chordates, such as amphioxus and tunicates. These animals possess a single Pax3/7 gene, which is expressed either in no or a small number of mesodermal cells (Holland et al., 1999; Wada et al., 1997) . During early vertebrate evolution, preexisting Pax3/7 and Lbx genes might have acquired a role in hypobranchial muscle in agnathan development. These genes are also expressed in the supra-and infraoptic muscles, which cover the head dorsally and are innervated by the anterior spinal nerves which extend all the way into the head region, similarly to gnathostome cucullaris muscles (Kuratani, 2008) . Taken together, our results suggest that the acquisition of the Pax3-MRF and Pax3-Lbx interactions in the common ancestor of vertebrates would have been the driving force for the elaboration of the muscles in the head/trunk interface, which evolved into the complicated muscles in the mammalian neck.
Supplementary materials related to this article can be found online at doi:10.1016/j.ydbio.2010.10.029.
